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Abstract 
We discuss the degradation mechanisms of solar modules made from multicrystalline solar cells based on 
compensated solar grade silicon or upgraded metallurgical silicon (“SoG/umg-Si modules”) as well as Siemens poly 
silicon (“poly-Si modules”). We show that available observations and theories on module degradation lead to the 
conclusion that initial (wafer material related) degradation may slightly be influenced by the silicon feedstock used.  
The long term degradation mechanisms are, however, clearly independent of the silicon feedstock used and only 
related to module or cell properties. This conclusion is supported by performance data for large, medium and small 
scale systems made from SOG/umg-Si modules and poly-Si modules over a period of up to three years showing no 
difference in long term degradation behavior. 
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1.  Initial and long term stability of solar modules 
The initial and long term stability of solar modules is determined by a variety of effects. Effects 
include wafer bulk related effects (e.g. Boron-Oxygen Complexes, Interstitial Iron) and module related 
effects (e.g. delamination, corrosion of contacts, discoloration). These effects can be divided into two 
groups, the initial degradation happening during the first weeks and being stable thereafter and the long 
term effects happening over the years as schematically shown in Fig. 1. In recent years, it was argued 
occasionally whether an additional long term degradation (indicated by the red dotted curve [1]) may 
happen in photovoltaic systems when alternative silicon feedstock, so called solar grade (SoG-Si) or 
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upgraded metallurgical (umg-Si) silicon, was used in wafer production instead of electronic grade silicon 
produced by the Siemens process (poly-Si). From a scientific point of view, however, there is no reason 
to believe that such an additional degradation might take place. It is widely agreed [2] that the main 
difference between a wafer made from poly-Si and from SoG/umg-Si are the higher dopant 
concentrations and the fact that a SoG/umg-Si wafer is doped by acceptors and donors at the same time, 
therefore being compensated. In the following we will briefly discuss the effects leading to the initial and 
long term degradation. 
 
 
Fig. 1. Short- and long term degradation of Solar Modules 
1.1. Initial degradation 
The initial degradation of solar modules is mainly related to effects happening due a light induced 
transformation of defect complexes in the bulk of the silicon wafers the solar cells were produced from 
leading to a reduction of the carrier lifetime and therefore a reduction of solar cell efficiency. Two well 
known effects are the formation of boron oxygen complexes and the dissociation of iron boron pairs. 
These effects have been investigated in the scientific community for several years and are fairly well 
understood. The time constant for the formation of the detrimental defect state depends on a variety of 
factors (e.g. doping level, temperature) [3,4], however, the transformation from one to another defect state 
is finished latest after days or weeks under illumination and is stable thereafter. 
 
These short term effects may indeed be influenced by the usage of low quality SoG/umg-Si feedstock 
due to the higher concentrations of dopants, oxygen and metals compared to Siemens poly-Si. However, 
when the quality of the feedstock is sufficiently high the differences are very small or negligible [5,6]. 
The light induced degradation due to B-O complexes can be limited to low values by using feedstock 
with a low enough oxygen concentration. Regarding metals, the concentrations in the available SoG/umg-
Si feedstock of acceptable quality are low enough to ensure that the metal concentrations in the wafers are 
at an identical level compared to when using poly-Si, where the main sources of metals are the crucible 
and the crucible coating. Most importantly, due to the good knowledge of these effects, the degradation 
can precisely be determined on the cell level. In solar cell and module production these degradation types 
can therefore be accounted for by giving the correct degradation discount on the measured module power, 
which is a common procedure for mono crystalline cells in the industry today. When this degradation 
discount is given, all wafer related effects do not influence the later performance of the solar system. 
1.2. Long Term Degradation 
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Degradation due to module related effects in general happens over a longer time scale that is not as 
defined as the short term degradation processes. Delamination of the glass from the EVA foil (see Fig 
2.a) can lead to an intrusion of humidity leading to a corrosion of the contact material. A yellowing of 
EVA foil (Fig. 2.b) as well as corrosion of the glass (Fig 2.c) can lower the transmission of the glass 
significantly, leading to lower output. 
 
 
Fig. 2. Examples for module degradation mechanisms (a. delamination, b. yellowing, c. glass corrosion) 
All of these effects are related to the properties of the modules or certain properties of the solar cells (e.g. 
metallization), but not to the wafer material. Therefore there is no reason to believe that these effects 
happen more strongly in the case of usage of SoG/umg-Si, if all solar cell and modules processes, as well 
as the outgoing inspections and quality controls of cells and modules, are identical for SoG/umg-Si and 
poly-Si. 
2. Perfomance data from SoG/umg-Si solar modules and systems 
In the following we compare the performance data of different systems and modules where SoG/umg-
Si was used for wafer production (SoG/umg-Si systems) with systems and modules where poly-Si was 
used for wafer production (poly-Si systems). The solar cell efficiencies were between 15% to 16% [5] 
and the modules were produced using standard industrial module production tools and materials. The 
systems compared were produced in the same way (i.e. the same metallization, module materials, 
inverters) and are located neighboured to each other.  
All SoG/umg-Si systems discussed in this paper are made from wafers produced from 100% 
SoG/umg-Si Feedstock, which at the time of production led to a lower resistivity (~ 0.3 - 0.6 Ohmcm) 
than standard wafers made from poly-Si feedstock (~ 1 - 2 Ohmcm). Due to a slightly higher light 
induced degradation of solar cells made from low resistivity wafers, the degradation discount for the 
modules was determined on cell level and subtracted from the peak power determined in the module 
flasher. 
No absolute data are discussed, only the performance of the SoG/umg-Si systems are compared with 
the poly-Si Systems by dividing the performance ratio (PR) of the SoG/umg-Si system by the PR of the 
poly-Si system, where the performance ratio (PR) is defined as 
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2.1. Two 2 MW systems operating for 1.5 years 
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Fig. 3. shows a comparison of the monthly PR from two SoG/umg-Si Systems and two poly-Si 
systems. Each System has a power of approximately 1 MWp and the systems compared are located 
adjacently to each other. It was observed that the ratio of the PRs (PR (SoG/umg-Si) / PR (poly-Si)) after 
installation is higher than 100% in April 2009, which means that the SoG/umg-Si systems produced more 
output per installed peak power than the poly-Si systems. During the months after installation the ratio of 
PRs decreased, which could be interpreted as an additional long term degradation effect of the SoG/umg-
Si systems. This decrease continues until January 2010 after which the ratio of PRs starts to increase 
again. This behavior clearly shows that the observed decrease is by no means a degradation of the 
SoG/umg-Si modules, but most probably an effect of the lower temperature coefficient of solar cells 
made from wafers with lower resistivity [7]. The data accessible from these large fields, however, do not 
allow a more detailed investigation. 
 
 
 
Fig. 3. Comparison of the PR of two 1MW SoG/umg-Si and two 1MW poly-Si systems 
2.2. Two 12-module test systems operating for 1 year 
In order to be able to analyze this effect in more detail, performance data were collected from two 
SoG/umg-Si systems consisting of 12 modules each and compared to an identically setup poly-Si system. 
Fig. 4 shows a comparison of the daily averaged performance data plotted versus the average outside 
temperature and the cumulated irradiance.   
 
Fig. 4. Comparison of daily PR of SoG/umg-Si System 1 and 2 with the poly-Si reference system plotted versus the average outside 
temperature and the cumulated irradiance. The red and blue dots are the projections to the temperature and irradiance axis 
respectively. 
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A clear correlation of both the temperature and the irradiance with the ratio of PRs can be observed. It 
has to be pointed out here that the temperature given in the graph is the average outside temperature, 
which significantly differs from the actual cell temperature because this is also strongly influenced by the 
irradiation impinging on the modules.  
 
 
Fig. 5. (a) Comparison of PR of SoG/umg-Si systems 1 and 2 with the poly-Si reference system plotted versus the temperature 
measured on the back of the module averaged only from 11:30 to 12:30 of each day. (b) The same data plotted over time for module 
temperatures of 15°C and 25°C only. 
For these test systems, however, also a temperature measured on the back of one module of each of the 
systems and performance as well as irradiation data are also available on minute base from May 2010 to 
March 2011 giving a better possibility for analysis. In order to make the comparison of PR over time 
possible more independent of the strong influence of temperature variations, the performance data were 
averaged over a period of one hour per day only (11:30 – 12:30) and plotted versus the temperature 
measured on the backside of one module of each of the two SoG/umg-Si systems (see Fig.5). A very good 
correlation between the module temperature and the ratio of PRs and also a very similar behavior for both 
systems can be observed. For a best possible assessment of long term behavior, from this dataset a subset 
of data points with temperatures that are measured during the whole year (15°C – 25°C) is extracted. This 
is shown in Fig.5 (b). In these data no tendency of the ratio of PRs to decrease over time can be observed. 
However, the scattering is still relatively high with about 5%, which has to be investigated further by a 
more thorough analysis of the huge amount of data collected. 
2.3. Three SoG/umg-Si modules operation for 2 years and 9 months  
Three SoG/umg-Si modules were produced and installed in a rooftop system in 2008 together with 
poly-Si reference modules. These modules were removed from the system and remeasured in the module 
flasher after 8, 14 and 33 months of operation (Fig.6). The measured power of the modules was 
referenced by the poly-Si reference modules and compared to the initial measurement (including the 
degradation discount). Fig. 6 shows the relative change of performance. It can be seen, that two of the 
three modules had a lower initial degradation than expected, however, after the first remeasurement after 
8 months of operation, the power of all three modules were within ± 0,5% relative, which is within the 
measurement accuracy. 
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Fig. 6. Relative power of three single SoG/umg-Si modules remeasured after 8, 14 and 33 months of outdoor operation. The 
measurement is referenced to the initial flasher measurement directly after module production and to poly-Si modules produced in 
the same production run. The error bars indicate the measurement error assumed for the flasher measurement of ± 2% relative 
3. Summary and conclusions 
We have shortly summarized initial and long term degradation mechanisms of solar modules and 
discussed, that the initial degradation of solar modules may be influenced by the silicon feedstock used in 
wafer production, however, the long term degradation mechanisms should not. All mechanism of long 
term degradation are related to properties of the module material, not the properties of the wafer, 
especially not the fact that wafers made from SoG/umg-Si feedstock are differently doped by acceptors 
and donors and are therefore compensated. 
To support this assumption, we presented data from different modules and systems and compared the 
performance of the SoG/umg-Si systems and modules with references made from poly-Si. Data from 2 
MW installations, 12-module test systems and single modules monitored over a time span of up to almost 
three years clearly showed that no additional long term degradation takes place.   
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